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Mollicutes (mycoplasmas) feature a signiﬁcant loss of known regulators of gene expression. Here, we
identiﬁed the recognition site of the MraZ-family regulator of Mycoplasma gallisepticum, which is
conserved in many species of different clades within class Mollicutes. The MraZ binding site is AAAGTG
[T/G], in the promoter ofmraZ gene it forms a series of direct repeats with a structure (AAAGTG[T/G]N3)k,
where k ¼ 3 most frequently. MraZ binds to a single repeat as an octamer complex. MraZ can also bind a
single binding site or a series of repeats with different spacer lengths (2e4 nt); thus, it may play a role in
the regulation of multiple operons in Mollicutes. In M. gallisepticum, MraZ acts as a transcriptional
activator. The overexpression of MraZ leads to moderate ﬁlamentation of cells and the formation of
aggregates, likely as a result of incomplete cytokinesis.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Bacteria of the class Mollicutes have undergone a signiﬁcant
genome reduction. Their genome size is typically approximately
1 Mb or less.Mycoplasma genitalium is the smallest self-replicating
organism with respect to genome size and content. Its small
genome size led to the concept of a “minimal cell” e a cell that is
capable of self-replication in a growth medium with the smallest
possible number of genes. In accordance with general genome
reduction, Mollicutes show an extremely reduced repertoire of
known gene expression regulators compared to “classic” bacteria,
such as Escherichia coli and Bacillus subtilis [1]. The only well-
characterized transcription factor and its binding site pair
conserved in Mollicutes is the HrcA-CIRCE system, which regulates
chaperone expression [2].
As Mollicutes, and in particular mycoplasmas, represent a
close approximation of a minimal cell, it is a fundamental
question if the functional core of a cell requires regulation on theunov).
B.V. This is an open access article ulevel of gene expression or if this type of regulation is only uti-
lized for genes and proteins involved in niche-speciﬁc functions
of a particular mycoplasma, such as interaction with the host,
pathogenicity and stress-response [3,4]. Unlike in well-studied
model microorganisms such as E. coli and B. subtilis, the regula-
tion of basic cellular processes, such as cell division, remains
obscure in Mollicutes. High-throughput technologies were able
to reveal only a very limited number of gene expression regula-
tion mechanisms [5,6].
Recently, it was demonstrated that theMraZ protein in E. coli is a
transcription factor that regulates its own operon, which encodes a
number of cell division proteins, known as the DCW cluster (divi-
sion and cell wall) [7]. The DCW cluster is signiﬁcantly conserved in
many bacteria and generally encompasses multiple genes. In E. coli
and B. subtilis, the cluster contains 15 and 16 genes, respectively [8].
Two key components of the DCW cluster are the ftsZ and ftsA genes.
The ﬁrst gene encodes an actin-like protein that forms a contractile
Z-ring during cell division. The second serves as a membrane an-
chor for the FtsZ protein [9]. Apart from the genes involved in cell
division, the DCW cluster includes genes encoding enzymes
involved in cell wall synthesis [8].nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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cell division, as they lack a cell wall. The cell cycle in Mollicutes is
relatively long and requires several hours for division [5,10]. Mol-
licutes of order Mycoplasmatales feature a special multi-functional
structureea terminal organelle. This organelle is responsible for
attachment and motility, and it also plays a crucial role in cell di-
vision [11]. In several mycoplasmas, the DCW cluster may consist of
only 4 genes [12]. These genes are mraZ, mraW, ftsA and ftsZ. This
phenomenon can be explained by the absence of a cell wall in
Mollicutes, thus making cell wall synthesis enzymes unnecessary.
Even inMollicutes, FtsA and FtsZ remain important for cell division.
The MraZ transcription factor is conserved in numerous bacteria,
including Mollicutes, which indicates its importance for the regu-
lation of ftsZ expression [7]. The overexpression of MraZ in E. coli
may lead to abnormalities in cell division, resulting in cell ﬁla-
mentation [7]. In E. coli, MraZ regulates at least two promoters: one
for the DCW cluster and another for the mioC gene [7]. As a tran-
scription factor, MraZ may play a role in the synchronization of the
expression of the DCW cluster with other cellular processes, and
thus, it may be an important component of the cell division ma-
chinery. In genome-reduced bacteria, which lack many regulation
mechanisms, the role of MraZ may be of even greater importance
than in more complex bacteria.
Here, we report a second conserved pair of a transcription factor
and its binding site that are common to numerous Mollicutes. In
this work, we usedMycoplasma gallisepticum as a model bacterium
of class Mollicutes to identify the binding site of the transcription
factor and to study the functional activity of the MraZ family of
transcription factors. We then identiﬁed the MraZ binding site in
the genomes of numerous Mollicutes, thus supporting its func-
tional importance. The study of MraZ functionality may shed new
insights on the organization of the cell cycle in genome-reduced
bacteria.2. Methods
2.1. Cloning of mraZ gene and puriﬁcation of recombinant MraZ
protein
The gene mraZ was ampliﬁed from M. gallisepticum S6 genomic
DNA and cloned into a variant of the pET plasmid (pET-min_C-His,
Supplementary File pET-min_C-His.gb) with a C-terminal His-Tag
using BamHI and SalI sites (For cloning primer: ATTAGGATC-
CATGTTTATTGGCAACTATCAAC; Rev cloning primer: TATAGTCGA-
CATGATCATCATCCATTGATTCAG). This resulted in the following
protein sequence (additional aminoacids are shown in a single-
letter code): MGS-[MraZ]-VDKLAAALEH6 (Recombinant vector:
Supplementary File pET-MraZ.gb). MraZ ORF remained intact. The
site-directed mutagenesis of a tryptophan codon UGA (myco-
plasma code) to UGG (universal code) was performed by PCR
(Primer 1: CATTGAATTGTGGGATGTCAATG; Primer 2: CATTGA-
CATCCCACAATTCAATG). For site directed mutagenesis at ﬁrst stage
we performed two PCR reactions: one with For cloning primer and
Primer 2 and another with Rev cloning primer and Primer 1. At the
second stage the PCR products were mixed and ampliﬁed with For
and Rev cloning primers. To avoid mutation no more than 20 cy-
cles of PCR in total were used. For all PCR reactions a mixture of
Taq (Thermo) and Pfu (Thermo) polymerases was used. After that
PCR product was digested with both BamHI and SalI restrictases
(Thermo) in 2 Tango buffer (Thermo) and cloned to the pET
plasmid.The MraZ protein was overexpressed in E. coli BL21-Gold (DE3)
cells. For large preparation 100 ml of the overnight culture were
diluted to 1 L with fresh LBmedium. Cells were grown to OD600~1
(about 1.5 h). IPTG was added to 0.24 mM ﬁnal concentration.
Cells were grown for 4 h and harvested by centrifugation. For
small preparation 100ml of cell culture was grown overnight with
10 mM lactose and harvested by centrifugation. Then in both
methods cells were washed in PBS, and lysed by sonication using a
Branson 250 Soniﬁer (Branson) at 22 kHz for 10 min. The lysate
was diluted with sample buffer (a ﬁnal concentration of 20 mM
Na2HPO4, 10 mM imidazole, 500 mM NaCl, pH 7.5). The protein
was puriﬁed on a Tricorn 5/50 column (GE Healthcare) with Ni
Sepharose High Performance (GE Healthcare) resin using the
AKTA FPLC system (GE Healthcare). After the application of lysate,
the column was washed with 25-ml aliquots of sample buffer,
then with wash buffer (20 mM Na2HPO4, 25 mM imidazole,
500 mM NaCl, pH 7.5) and ﬁnally with elution buffer (20 mM
Na2HPO4, 500 mM imidazole, 500 mM NaCl, pH 7.5). After elution,
the protein was dialyzed for 18 h against 2 changes (total of 2 L) of
buffer (20 mM Tris-HCl, pH 7.5 and PMSF 1/1000). A standard
cellulose tubular dialysis membrane with a molecular weight
cutoff of 12,000e14,000 Da (Membrane Filtration Products) was
used.2.2. Electrophoretic mobility shift assay (EMSA)
A 30-pmol aliquot of the puriﬁed protein was incubated with
10 pmol of the dsDNA oligo for 15 min at 37 C. The binding
buffer contained 20 mM Tris-HCl (pH 7.5), 150 mM KCl, 5 mM
MgCl2, and 6% glycerol. Electrophoresis was performed using the
PROTEAN II xi electrophoretic cell (Bio-Rad), TB buffer (0.5 M
Tris-base, 0.5 M boric acid, pH 8.3), and an 8% acrylamide gel for
2 h at 450 V at 10 C. After electrophoresis, the gel was stained
with an ethidium bromide solution (3 ml of 1% EtBr per 400 ml of
TB buffer) for 5 min and then visualized on a Typhoon scanner.
The resulting images were analyzed using ImageQuant software.
The oligonucleotides for EMSA are listed in Supplementary
Table S1. EMSA experiments were performed with three or
more repeats for each condition.2.3. Identiﬁcation of the MraZ binding constant
EMSA was performed using a series of dilutions of the puriﬁed
protein at 187.5, 250, 375, 750, 1125, 1500, 2250, 3939.5, 7875, and
23,635 nM (determined using a Bradford assay) and a DNA (wild-
type PmraZ oligo) concentration of 500 nM. The fraction of bound
DNA was calculated using ImageQuant software. All EMSA band
signals were summed.
To identify MraZ binding constant (Kd), we used the equilibrium
equation:
Kd ¼
½P0  k PD  ½D0  PD
½PD ; (1)
where P0 is the initial concentration of protein, D0 is the initial DNA
concentration, [PD] is the concentration of the complex and k is a
parameter that accounts for the stoichiometry of MraZ binding, as it
binds as a homomultimer.
Eq. (1) can be transformed into the following by solving for [PD]:
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;
(2)
where [PD]/D0 is the fractional saturation of the DNA, which was
directly measured.
The experimental data were ﬁt with the equilibrium Eq. (2)
using nonlinear regression with the R software. The best ﬁt was
achieved with Kd ¼ 300.6890 nM and k ¼ 7.6523 (octameric MraZ
complex, Supplementary Fig. S1).2.4. Determination of MraZ nucleoprotein complex mass
To determine the oligomeric state of MraZ, we used size
exclusion chromatography (SEC, Supplementary Fig. S3 and
Supplementary Table S1). SEC was performed using a Tricorn 10/
300 column ﬁlled with Superdex 200 resin (GE Healthcare). The
column was equilibrated with buffer containing 20 mM Tris-HCl,
150 mM KCl, and 5 mM MgCl2 (pH 7.5). The ﬂow rate was 2 ml/
min, and the sample volume was 0.33 ml and contained 170 mkg
(9.2 nmol) MraZ protein and 3 nmol of the double-strand wild-
type PmraZ oligo. Samples containing only the protein or only the
dsDNA were used as controls. The column was calibrated with a
LMW Gel Filtration Calibration Kit (GE Healthcare) according to
the manufacturer's guidelines. All chromatography was per-
formed with an AKTA FPLC chromatographic system (GE
Healthcare). The stoichiometry of MraZ to DNA binding can be
calculated by following equation: k¼ (Mcomplex  Moligo)/Mmo-
nomer, where k stands for the oligomeric state of the protein. We
performed SEC experiments at high and low protein to DNA ratio
(protein:DNA 14:1 and 4:1).2.5. Construction of MraZ-overexpressing strains
The most efﬁcient way to transform vectors into Mollicutes is to
use transposon vectors, as these bacteria have difﬁculty supporting
free plasmids in their cytoplasm. The genemraZwas ampliﬁed from
M. gallisepticum genomic DNA with its own ribosomal binding site,
and it was inserted into the previously designed transposon-based
vector [6] downstream to the tetM gene, forming an operon (Fig. 3A,
Supplementary File MraZ_Mgal_vector.gb). The transformation of
M. gallisepticum was performed by electroporation as described
previously (Mazin et al., 2014 [6]). The transposon insertions were
conﬁrmed and mapped by PCR and Sanger sequencing from the
chromosome (Supplementary Table S2). The overexpression of the
mraZ gene was conﬁrmed by real-time PCR. Three strains that
overexpressed mraZ were constructed. Effect of mraZ over-
expression on the transcription was measured by real-time PCR
(Supplementary Table S5).2.6. RNA extraction
Aliquots of the cell culture were directly lysed in TRIzol LS re-
agent (Life Technologies) at a 1:3 ratio of culture medium:TRIzol LS
(v/v). The lysates were extracted with chloroform, and the aqueous
phase was used to precipitate the RNA by the addition of an equal
volume of isopropanol and subsequent centrifugation.2.7. Real-time PCR
The resulting RNA was treated by DNAse I (Thermo Scientiﬁc),
and cDNA was synthesized from random hexamer primers by H-
minusMu-MLV reverse transcriptase (Thermo Scientiﬁc). Real-time
PCR was performed using iQ SYBR Green Supermix (Bio-Rad) and a
CFX96™ Real-Time PCR Detection System (Bio-Rad) PCR machine.
The primers and normalization method were selected from previ-
ous work [10].
2.8. Phase-contrast microscopy
Phase-contrast microscopy was performed using a Zeiss Axio
ImagerM.2microscopewith a 100 objective.M. gallisepticum cells
were viewed directly in culture medium.
2.9. Calculation of relative MraZ abundance in cells
To calculate abundance of MraZ in M. gallisepticum cells we
used Protein Abundance Index (PAI). The respective Mass-
spectrometry data and PAI values were taken from our previ-
ous work [6]. Calculation of PAI was done by the following
equation: PAI¼Nobserved/Nobservable; where Nobserved is a number
of peptides observed in the experiment; Nobservable is a number of
peptides that could be potentially detected. It was calculated by
in silico digestion of the respective protein and comparison of
resulting masses with the detection range of the mass-
spectrometer.
3. Results
3.1. MraZ protein binds to a series of direct repeats in the promoter
of the DCW cluster
Previously, we performed a whole-genome identiﬁcation of
the transcription start sites and the transcription units [6].
Genes of several cell-division proteins of M. gallisepticum are
organized into a cluster, which consists of two transcription
units with separate promoters. The ﬁrst unit contains two ho-
mologs of the chromosome segregation and condensation pro-
tein ScpA/B. The second unit comprises the DCW cluster, and it
contains the genes mraZ, mraW, ftsA and ftsZ. The promoter of
the second transcription unit, PmraZ, contains three direct re-
peats (MraZ-binding repeats, MBRs). We tested the binding of
the recombinant MraZ protein to a repeat-containing fragment
of PmraZ (þ4 bp upstream of 10-box) using an EMSA (elec-
trophoretic mobility shift assay) (Fig. 1). We demonstrated that
MraZ speciﬁcally binds to a repeat-containing region of PmraZ
with the consensus of (AAAGTG[T/G]N3)k sequence, where
k ¼ 3 for M. gallisepticum. The binding constant (Kd) for MraZ
and wild-type PmraZ was measured in the EMSA titration series
and calculated to be 3  107 M (Supplementary Fig. S1). The
stoichiometry of the binding was calculated from the EMSA
data, and it was determined that MraZ is an octameric complex
on each oligo. To test the binding speciﬁcity, we introduced
mutations into the MBRs (Fig. 1). Point mutations within the
GTG subsequence (Fig. 1, lanes Mut1-Mut3) in all three MBRs
removed 80e90% of the speciﬁc binding activity of MraZ. The
deletion of the AAA subsequence (Fig. 1, lane Mut4) retained
30% of the speciﬁc binding activity of MraZ. To further test the
binding properties of MraZ, we removed different MBRs from
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a single MBR (out of three) decreased the binding afﬁnity of
MraZ; however, approximately 80% of the MraZ speciﬁc binding
activity for the PmraZ oligo was retained.Fig. 1. Electrophoretic mobility shift assay of the MraZ transcription factor. AeEMSA of MraZ with a 40 bp oligonucleotide bearing different conﬁgurations of the binding site. Free
DNAefree oligonucleotide with wild-type MraZ binding repeats (MBRs) of mraZ promoter (PmraZ), Negenegative control oligonucleotide without any MBRs, PmraZ WTewild-type
MBRs of consensus (AAAGTG[T/G]N3)3, P1290 WTewild type putative promoter of GCW_01290; N3 e two wild-type MBRs with a 3 bp spacer (AAAGTG[T/G]N3)2, N2 e 2 bp spacer
(AAAGTG[T/G]N2)2, N4 e 4 bp spacer (AAAGTG[T/G]N4)2, Mut1 eMut7 mutant variants of PmraZ. BeIntensities of EMSA bands (protein-bound DNA). Error bars (standard deviation)
were calculated based on three experiments for each oligo. CeSequences of PmraZ variants used for EMSA; mutations are shown in lower case in red.To test whether the spacer length between MBRs inﬂuences the
binding of MraZ, we constructed an artiﬁcial sequence with two
MBRswith spacers that were 2, 3 and 4 bp in length (Fig.1, lanes N3,
N2, N4). We observed that MraZ binds all variants with approxi-
mately 90e100% of its afﬁnity for the WT-PmraZ oligo.
We estimated the abundance of the MraZ protein in
M. gallisepticum cells by Protein Abundance Index (PAI) using our
previous data [6]. The abundance of MraZ is average (0.1071,
Supplementary Fig. S2) and close to abundance of the HrcA tran-
scription factor (0.1126).
3.2. MraZ forms high-molecular complex with DNA
To identify the stoichiometry of the binding of MraZ to the PmraZ
oligo, we used size exclusion chromatography (SEC) of the native
nucleoprotein complex. Free MraZ protein formed a 12-mer com-
plex. Depending on the protein concentration the MraZ-PmraZ oligo
complex formed a 24-mer or 8-mer complex at high and low
protein to DNA ratio respectively (Supplementary Fig. S3,
Supplementary Table S3). MraZ binding to the oligo in each case
was conﬁrmed by EMSA. Using the EMSA data, we obtained a
binding stoichiometry for MraZ as an octamer, most likely as a
result of low protein to DNA ratio. SEC experiments demonstrate
that MraZ binds PmraZ oligo either as 24-mer or octamer at different
concentrations of protein. It is likely that one octamer occupies one
MBR in the DNA, which results in one repeat per oligo occupied by
MraZ at low concentration and three repeats per oligo at high
concentration of the protein. This model goes in accordance withEMSA experiments with different number of MBRs per oligo.
Deletion of one or even two repeats resulted in only moderate
decrease of afﬁnity (Fig. 1, lanes Mut5-Mut7), whereas absence of
any repeats (Neg control oligo) resulted in the great decrease ofafﬁnity. One repeat was sufﬁcient to promote one MraZ octamer
binding. The stoichiometry of the free E. coli MraZ complex has
been determined in solution and was found to be a 12-mer [13],
which agrees with our data for the free protein. The crystal struc-
ture ofM. pneumoniaeMraZ was solved (without bound DNA), and
the structure revealed that it forms an octameric ring with a central
pore [14]. The pore radius size is close to that of DNA, which allows
for the assembly of an MraZ ring around the DNA. The PmraZ oligo
has three MraZ-binding regions; thus, it can bind three MraZ
octameric rings forming a 24-mer complex (one ring per one MBR).
This model agrees with our observation that in complex with the
PmraZ oligo, MraZ forms a 24-mer complex. The crystal structure of
MraZ may resemble its complex with DNA, but the free soluble
protein may form a different complex.
3.3. MraZ binding site is highly conserved in Mollicutes
We searched the genomes of other Mollicutes and B. subtilis for
the presence of MBRs (Fig. 2, Supplementary Table S4). We
demonstrated that MBRs are extremely conserved in Mollicutes.
Species, studied for the presence of MBRs include genera Myco-
plasma, Ureaplasma, Acholeplasma and Spiroplasma. Generally,
MBRs are found upstreamof themraZ gene and are followed bya set
of cell division-related genes. The number of MraZ binding repeats
may vary from 2 to 4, and they may localize either upstream or
downstream of the putative10-box or theymay overlapwith it. In
some cases, there are two series ofMBRs upstreamand downstream
of the10-box. MBRs can overlap with themraZ CDS as well (Fig. 2,
G.Y. Fisunov et al. / Biochimie 125 (2016) 59e65 63Spiroplasmamelliferum). It seems thatMBRs in the Pneumonia group
tend to have T at the last position more frequently than G and vice
versa in other groups (Fig. 2). Searches in B. subtilis, an organism
related to Mollicutes, revealed that MBRs have the consensus
sequence GTGG[A/T]G, while E. coli MBRs have the consensus
sequence of GTGGG [7]. MBRs from distant bacteria, including the
latter two, and Mollicutes share the conserved motif GTG.Fig. 2. Structure of MBRs in Mollicutes. AeSequence logo of PmraZ MBRs derived from 30 Mollicute species. BeStructure of the DCW cluster in different Mollicutes. MBRs are shown
in red and underlined. The 10 boxes are highlighted with a solid line box for experimentally identiﬁed promoters and a dotted line box for putative promoters. Start codons are
highlighted by a solid line on top.3.4. Phenotypic effect of MraZ overexpression
To identify whether the MraZ protein plays a role as a tran-
scriptional repressor or an activator, we constructed stable trans-
formants of M. gallisepticum that constitutively overexpress MraZ
(3 strains). We measured transcription level of 14 genes including
DCW custer genes, other potential targets of MraZ and house-keeping genes by real-time PCR. The total level of mraZ transcrip-
tion in the overexpressing transformants was, on average, 30-fold
higher than in the WT strain. The transformants showed a near 4-
fold upregulation of the transcription of the DCW cluster (Fig. 3,
Supplementary Table S5). Expression of housekeeping genes
including EF-Tu, enolase, GAPD and several others was not per-
turbed (Supplementary Table S5). We did not observe a toxic effectfor the overproduction of MraZ in M. gallisepticum, though it was
reported for E. coli.
To investigate the effect of MraZ overexpression on cell shape,
we used phase-contrast microscopy. We observed an effect
similar to that reported for E. coli [7]. Cells becamemore elongated
and tended to form aggregates as a result of incomplete division
(Fig. 3).
Fig. 3. Phenotypic effect of MraZ overexpression. AeSchematic representation of the vector for MraZ overexpression. BeEffect of MraZ overexpression on transcription of the DCW
cluster measured by real-time PCR. Enolase is shown as control. Change of the transcription level is shown in base 2 logarithm scale. CeThe phase-contrast microphotograph of WT
M. gallisepticum. DeFeMraZ overexpressing mutants. The cell shape is more elongated, and the cells tend to form aggregates.
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We have demonstrated that MraZ is able to bind to single
consensus MBRs with reduced afﬁnity. Furthermore, we searched
M. gallisepticum promoters to identify potential novel targets of
MraZ regulation. We identiﬁed 4 consensus sites with a single MBR
within the promoter region (þ50e10 bp of identiﬁed TSS). Among
them, the most likely MraZ targets were GCW_00555 and
GCW_00595.
We also identiﬁed two MBRs joined by a 2 bp spacer near an
operon of 3 unknown genes (ﬁrst gene GCW_01290). The promoter
of this operon was not identiﬁed, but its putative position may be
derived from its known consensus (Mazin et al., 2014 [6]). The
putative 10 box overlaps with the MBRs. We tested the binding of
MraZ to this region and demonstrated that MraZ binds to the pu-
tative GCW_01290 promoter but with a signiﬁcantly reduced af-
ﬁnity (20%) than the N2 spacer consensus oligonucleotide (Fig. 1,
lane P01290WT). This is most likely caused by amutation in a second
MBR of P01290.
The transcription levels of all the respective genes in the MraZ
overexpressing strains were not perturbed (Supplementary
Table S5). Thus, we conclude that in M. gallisepticum, PmraZ is the
only target of MraZ in vivo, or at least its impact on the transcription
of other genes is negligible.4. Discussion
Here, we identiﬁed the binding site of the transcription factor
MraZ in M. gallisepticum and showed its conservation in various
Mollicutes. The MraZ binding site is highly conserved in Mollicutes,and its core subsequence GTG is also conserved in distant bacteria,
such as E. coli, B. subtilis andM. gallisepticum. SomeMollicutes, such
asM. penetrans and Acholeplasma laidlawii, lackMraZ protein, while
retaining other cell division proteins, including MraW. Its function
is most likelymediated by non-orthologous transcription factors, or
their cell division regulation relies on another mechanism.
We identiﬁed that MraZ binds to the single MBR as an octamer.
Crystal structure ofM. pneumoniaMraZ obtained by Chen et al. [14]
allows to propose that MraZ assembles around DNA in a ring-like
fashion. Probably several MBR divided by a spacer of the strictly
deﬁned length promote cooperative interactions between neighbor
MraZ rings. Apart of the speciﬁc binding to MBRs we observed non-
speciﬁc binding of MraZ to DNA, which is retained after disruption
of its binding site (Neg, Mut2 and Mut3 oligos on Fig. 1). In solution
MraZ forms a complex of another structure, thanwith DNA. It leads
to conclusion, that binding of MraZ to DNA requires complex
rearrangement and probably initial non-speciﬁc interactions with
it. One can speculate that MraZ is capable of the assembly of
octameric ring on any DNA. After the initial assembly it may move
along the DNA until the stable complex with the MBRs is formed.
Taking into account these considerations wemay conclude that the
determination of the MraZ binding constant in our model is rough,
but nevertheless it correctly predicts the octameric complex.
It was previously reported that MraZ functions as a transcrip-
tional repressor in E. coli [7]. We have demonstrated that in
M. gallisepticum, it can play a role as a transcriptional activator. As
previously reported, the balance between MraZ and MraW con-
centrations is crucial for cell survival. In M. gallisepticum, the
overexpression of MraZ leads to an increase in the expression of the
DCW cluster, which partially restores the balance, although the
G.Y. Fisunov et al. / Biochimie 125 (2016) 59e65 65overexpression of MraZ affects cell division in a manner similar to
that of E. coli. In general, cell division is impaired in the ﬁnal steps of
cytokinesis, which results in cell elongation. The MraZ-dependent
regulatory pathway is most likely more complex than just autor-
epression or autoactivation, and it may involve regulation on the
level of interactions with other cellular components. Up- or
downregulation of MraZ-dependent promoters after MraZ upre-
gulation (conditional or constitutive) may be a result of the new
dynamic equilibrium between components of the regulatory
pathway, and it may not directly originate from the exact function
of MraZ as a repressor or an activator. Unlike in E. coli, MraZ over-
expression does not seem to impair culture growth signiﬁcantly.
This is likely because the lack of the cell wall leaves more plasticity
to the cell membrane. Probably the absence of the toxic effect of
MraZ overexpression in M. gallisepticum may be explained by
observed upregulation of MraW. As it was demonstrated by Eraso
et al. [7] toxic effect is rather a result of signiﬁcant MraZ to MraW
disproportion then MraZ expression level itself.
We identiﬁed several potential MraZ-binding sites in pro-
moters of three additional genes. Though, all of them were
signiﬁcantly weaker than the one of the DCW cluster. MraZ
overexpression experiments demonstrated that the expression of
these genes was unaffected. It is likely that weak binding of MraZ
is insufﬁcient for normal transcriptional control. Probably coop-
erative interactions between multiple MraZ octamers are impor-
tant, since respective promoters have no more than one MBR
without mismatches.
Here we demonstrated that among core functions of the bac-
terial cell, cell division requires regulation even in reduced bacteria.
Conservation of MraZ in many Mollicutes conﬁrms its importance.
However it still remains obscure, if MraZ is indeed essential or it is
just important to adjust cell cycle during infection process.
Knockout of MraZ in E. coli does not produce phenotype [7], but
E. coli has a lot of compensatory mechanisms, that may be absent in
such reduced bacteria as Mollicutes. Deletion experiments in my-
coplasmas by random transposon mutagenesis produced contro-
versial results. Hutchison et al. [15,16] in two works found MraZ to
be essential forM. genitalium, whether more recent work by Lluch-
Senar [17] demonstrated, that its disruption has ﬁtness-cost but is
not lethal for M. pneumoniae. However, M. genitalium has near 1.5-
fold smaller genome then M. pneumonia, thus probably MraZ
importance increases with cell reduction.
Synchronization of the cell cycle with other key cellular pro-
cesses, such as protein synthesis and DNA replication, is crucial for
cell survival and self-replication. Premature cell divisionwill lead to
the fragmentation of the cell into non-viable vesicles, while
retarded division will lead to cellular shape and size abnormalities.
The MraZ protein is likely to be one of the key components of the
machinery that synchronizes cell division with the rest of meta-
bolism. Thus, it likely explains the high conservation of the MraZ-
MBR regulatory system, even in distantly related bacteria.
5. Conclusions
The MraZ transcription factor homolog of M. gallisepticum rec-
ognizes the consensus sequence AAAGTG[G/T], whichwe refer to as
MBR (MraZ-Binding Repeat). MraZ preferably binds to a series of
MBRs with a spacer of 3 nt between repeats, but the spacer also can
be 2 or 4 nt. In Mollicutes, a series of preferably three MBRs islocated upstream of the mraZ gene in the DCW cluster, which is
autoregulated by MraZ.
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